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Sintering protonic zirconate cells  
with enhanced electrolysis stability  
and Faradaic efficiency
 

Wei Tang1,2,10, Wenjuan Bian1,10, Hanping Ding    1,3,10, Yong Ding4, Zeyu Zhao    1, 
Quanwen Sun2, Samuel Koomson    1, You Wang5, Boshen Xu6, Pei Dong6, 
Dongchang Chen5, Joshua Y. Gomez1, Wuxiang Feng1, Wei Wu1, Meng Zhou2, 
Yanhao Dong    7,8  , Hongmei Luo    2  , Ju Li    8,9   & Dong Ding    1 

The emerging applications of steam electrolysis and electrochemical synthesis 
at 300–600 °C set stringent requirements on the stability of protonic ceramic 
cells, which cannot be met by Ce-rich electrolytes. A promising candidate is 
Ce-free BaZr0.8Y0.2O3−δ, but its usage has long been hindered due to the high 
sintering temperatures required for protonic devices. Here we resolved the 
issue through a co-sintering process, in which the shrinkage stress of a readily 
sinterable support layer helps to densify the pure BaZr0.8Y0.2O3–δ electrolyte 
membrane at low temperatures. This approach eliminates Ce and harmful 
sintering aids in the dense zirconate electrolyte membrane, thereby enhancing 
the Faradaic efficiency and electrochemical stability, especially under 
harsh operating conditions. The protonic zirconate cells have exceptional 
performance and demonstrate stable high-steam pressure electrolysis up to 
0.7 atm steam pressure, −2 A cm−2 current density and over 800 h of dynamic 
operation at 600 °C. Our processing breakthrough enables stabilized protonic 
cells for demanding applications in future energy infrastructure.

Protonic ceramic fuel cells (PCFCs) are intermediate-temperature 
electrochemical devices that can efficiently convert the chemical 
energy of a fuel into electricity below 600 °C (refs. 1–4). There is also 
growing interest in running these devices in the reverse mode, namely, 
as protonic ceramic electrolysis cells (PCECs), to produce fuels (for 
example, H2) or high-carbon chemicals (for example, ethane to eth-
ylene)5–7. As one switches PCFC operation to PCEC, the half-cell reac-
tions taking place at the two electrode/electrolyte interfaces reverse 
their directions. For example, at the fuel electrode, the hydrogen 

oxidation reaction H2(gas) → 2H+ + 2e− under PCFC operation becomes 
the hydrogen evolution reaction 2H+ + 2e− → H2(gas) under PCEC. This 
would simultaneously reverse the sign of the electrode overpotentials, 
which sets more extreme and demanding electrochemical conditions 
in PCECs, especially under high current densities that are desirable 
for higher production rates8–10. Therefore, stability is a key issue to be 
addressed for practical PCECs applications.

The state-of-the-art architecture of PCFCs/PCECs is a sandwich 
structure with a porous fuel electrode support layer (a ~600-μm-thick 
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of the full cell. In the second step, the oxygen electrode is attached to 
the electrolyte surface of the sintered half-cell at a lower temperature 
T2 (~1,000 °C). Once sufficient diffusional bonding to the electrolyte is 
ensured, a lower T2 is preferred to minimize coarsening of the porous 
oxygen electrode materials for optimal catalytic activity. Convention-
ally, when preparing the full cell, the same fast ion conductor is used 
in the electrolyte and the composite fuel electrode (as well as in the 
composite oxygen electrode until the development of single-phase 
oxygen electrode using mixed ionic and electronic conductors) to 
minimize sintering stress, thermal expansion mismatch and materi-
als incompatibility. This practise has been routinely adopted since 
the early development of solid oxide fuel cells (SOFCs)/solid oxide 
electrolysis cells (SOECs), followed by their intermediate-temperature 
successor, PCFCs/PCECs.

However, in contrast to the high sinterability of yttria-stabilized 
zirconia and gadolinium-doped ceria electrolytes used in O2−-based 
SOFCs/SOECs, perovskite-structure protonic electrolytes are known 
to be difficult to sinter because of sluggish B site cation diffusion. 
For example, despite a similar melting point for zirconia (2,715 °C) 
and barium zirconate (2,700 °C), BZY pellets/membranes require 
≥1,600 °C to sinter compared with ~1,300 °C for yttria-stabilized zir-
conia membranes; similarly, for ceria (2,400 °C) and barium cerate 
(>2,150 °C), BZCYYb membranes require >1,400 °C to sinter, while 
gadolinium-doped ceria membranes require only ~1,250 °C (refs. 24–31) 
(here, also note that ceria/cerates are easier to sinter than zirconia/
zirconates because of lower melting points and the partial reduction 
of Ce4+ to Ce3+ at high temperatures that facilitates high-valence cation 
diffusion32). The sinterability issue of perovskite protonic electrolytes 
results in processing difficulties in T1 sintering of the half-cell, and a 
weak oxygen electrode/electrolyte interface in T2 sintering of the full 
cell. Pure BZY is particularly challenging to sinter in half-cell geom-
etry at a technologically accessible temperature range (for example, 
≤1,450 °C) so that its applications in PCFCs/PCECs remain largely unex-
plored. A tentative solution to this BZY membrane conundrum is to use 
low-melting-point sintering aids such as NiO, ZnO and CuO (effectively 
lowering T1 to ~1,450 °C), but they would cause detrimental effects to 
the proton conductivity and stability under extreme conditions, which 
deteriorates BZY’s benefits over BCZYYb33–37.

We now resolve the BZY conundrum by the following full cell 
structure redesign (Fig. 1a). We blended Ce-rich, high-sinterability 
BCZY with NiO (BCZY + NiO) which is utilized as the support layer. A 
buffer layer consisting of blended BZY and NiO, sandwiched between 
the support layer and the BZY electrolyte, was used to minimize sinter-
ing/thermal stresses and to block Ce diffusion from BCZY to the dense 
BZY electrolyte membrane. During sintering, two pieces of identical 
BCZY + NiO|BZY + NiO|BZY trilayers were placed face to face to mini-
mize the Ba loss. In our design, the faster densification of the thicker 
BCZY + NiO support layer would transmit compressive stress to both 
the laminated BZY + NiO buffer layer and the BZY electrolyte. This 
design helps the co-sintering of the multilayer structure, provided that 
sintering and thermal stresses are manageable to prevent delamination 
in the full cell processing. Our design is based on two rationales. First, 
for PCFCs/PCECs, the fuel electrode/electrolyte interface is substan-
tially stronger than the oxygen electrode/electrolyte interface, making 
the latter unlikely to be the bottleneck for the mechanical stability of 
the full cell. Second, the perovskite structure accommodates a wide 
variety of cations, and BaZrO3 and BaCeO3 are expected to form a 
complete solid solution across the entire composition range with only 
minor changes in lattice parameters, polyhedral distortions and local 
symmetry. Therefore, the material incompatibility between the dense 
BZY electrolyte membrane and BCZY + NiO support should be minimal.

We started by establishing some baseline for the BZY sintering 
conundrum. We confirmed that a sintering aid-free BZY pellet cannot 
be fully densified even at 1,600 °C for 10 h (microstructure shown in 
Supplementary Fig. 1) and reaches only 72% relative density at 1,500 °C 

composite made of the electrolyte materials and NiO, which is reduced 
to metallic Ni before the operation that also generates porosity), a 
~20-μm-thick dense electrolyte membrane in the middle and a thin, 
porous oxygen electrode (typically a perovskite structure with mixed 
ionic and electronic conductivities). The preferred protonic electrolyte 
is perovskite ABO3. The most popular options include BaCeO3 co-doped 
with Zr, Y and Yb, such as BaCe0.7Zr0.1Y0.1Yb0.1O3−δ (BCZYYb)11. Although 
still requiring a relatively high sintering temperature of ~1,450 °C to 
densify, BCZYYb provides high proton conductivity at 300–600 °C and 
sufficient stability for PCFC operations. However, BCZYYb and other 
Ce-rich perovskite electrolytes in general show poor chemical com-
patibility with acidic atmospheres (for example, containing H2O and 
CO2) on the oxygen electrode side and poor electrochemical stability 
against reduction on the fuel electrode side1,12–15. The situation becomes 
even worse in high-current density and/or high-steam pressure PCEC 
operations. Here, a high steam pressure (acidic) is preferred because 
(1) it lowers the open-circuit voltage (OCV; for example, increasing 
the H2O partial pressure from 10% steam–90% air to 70% steam–30% 
air lowers the OCV by 0.094 V at 600 °C) that the applied voltage must 
overcome to drive the electrolysis reaction and (2) it suppresses hole 
leakage (which is especially problematic under high current densities), 
thus increasing the Faradaic/energy efficiency.

The solution to the high-steam pressure corrosion problem 
is supposed to be straightforward: along with the development of 
BaCeO3-based electrolytes, AZrO3-based ones (A = Ba, Sr, Ca and so 
on) have also been explored, with a long history dating back to the 
1980s16–18. The latter show adequate proton conductivity in the dense 
form but are too refractory to be sintered19. For example, BaZr0.8Y0.2O3−δ 
(BZY) typically requires ≥1,600 °C sintering temperature for both 
pellets and membranes in the co-sintered fuel electrode/electrolyte 
bilayer20–22. This sinterability conundrum for dense electrolyte mem-
brane not only increases the energy and cost for processing, but also 
causes detrimental effects to the electrochemical cells, such as Ba loss 
(due to volatilization) and severe side reactions between NiO and the 
electrolyte. As a result, BaZrO3-based electrochemical cells do not show 
as high performance as what has been demonstrated by BCZYYb cells. 
However, aside from the processing conundrum for dense electrolyte 
membrane, BZY does show much better chemical stability against 
acidic atmospheres20,21. And even in Ce-rich perovskites, increasing the 
Zr cation percentage to 40% at the B site can largely improve the CO2 
stability as recently demonstrated by BaCe0.4Zr0.4Y0.1Yb0.1O3−δ (ref. 23).

In view of the stability bottleneck in developing practical PCECs, 
we dedicated our work to advancing the processing science of Ce/
sintering aid-free BZY electrolytes and evaluated the intrinsic perfor-
mance of BZY full cells, especially for high-steam pressure electrolysis. 
We successfully decreased the pressureless sintering temperature of 
BZY (without any sintering aids that may lead to proton traps or resis-
tive grain boundary phases) to a low one of 1,450 °C. This enables high 
proton conductivity and high electrochemical performance for BZY full 
cells that far exceed literature reports in relevant systems. Our results 
illustrate the promise of protonic zirconate electrolytes for use in 
high-performance electrolysers with stringent stability requirements. 
More broadly speaking, as the operations of many electrochemical 
energy devices are being pushed towards extreme conditions to maxi-
mize efficiency and energy density, we call attention to the activity–
stability trade-off and focus on durable materials/devices.

Solution to the BZY conundrum
PCFC/PCEC full cells are typically sintered in two steps in air. First, the 
fuel electrode/electrolyte bilayer (the half-cell) is sintered at a higher 
temperature T1 (~1,450 °C) to obtain a dense electrolyte. In the same 
T1 step, the fuel electrode, consisting of NiO blended with some elec-
trolyte material, is also sintered to full density, and its porosity will 
be ‘regenerated’ to allow for gas permeation when NiO is reduced to 
metallic Ni (~40% volume shrinkage) before electrochemical operation 
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for 10 h. For tape casting-derived samples, we measured the linear 
shrinkage ∆L/L0 = (L0 − L)/L0 (where L0 and L denote the dimension 
before and after sintering, respectively) along the diameter direction, 
which can be used to estimate the sintered density, and compared it 
with that of the BZY pellet. We found that BZY + NiO tape can be better 
densified (Fig. 1b) because NiO is less refractory and also helps densify 
BZY as a sintering aid. Benefiting from this, the BZY + NiO|BZY bilayer 
also shows improved densification over the BZY pellet, yet it still cannot 
reach full density below 1,500 °C. When sintered at 1,450 °C (preferred 
T1 for PCFC/PCEC processing) for 10 h, the BZY electrolyte contains 
many pores as shown by the fracture surface (Fig. 1c) and the electrolyte 
surface (Fig. 1d) under a scanning electron microscope (SEM), and the 
estimated relative density is between 78% and 85% (explained later). 
The residual porosity would lower the proton conductivity and cause 
gas leakage in electrochemical cells. Meanwhile, without entering 
final stage sintering (>~92% relative density when pore channels break 

into isolated pores), the strong pore pinning effect suppresses grain 
growth38, thus producing a fine grain size (1.1 μm at the electrolyte 
surface; Fig. 1d) that further lowers the proton conductivity due to the 
ion-blocking grain boundaries39.

The high sinterability of BCZY is demonstrated by the BCZY + NiO 
tape (Fig. 1b) that can be fully densified at ≤1,500 °C as shown by the 
SEM in Supplementary Fig. 2. The densification rate of the BCZY + NiO 
tape indicated by linear shrinkage is much faster than the BZY pellet, 
BZY + NiO and BZY + NiO|BZY. This benefit translates to our newly 
designed BCZY + NiO|BZY + NiO|BZY trilayer, which shows high density 
(fracture surface in Fig. 1e and the electrolyte surface in Fig. 1f) when 
sintered at 1,450 °C for 10 h (when sintered at 1,350 °C for 10 h, the BZY 
layer in the BCZY + NiO|BZY + NiO|BZY trilayer has a relatively porous 
structure, as shown in Supplementary Fig. 3; when sintered at 1,400 °C 
for 10 h, it has a dense structure and fine grain size, as shown in Supple-
mentary Fig. 4.) Remarkably, good interfacial bonding is demonstrated, 
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Fig. 1 | Redesigned half-cell to resolve the BZY membrane sintering 
conundrum. a, A schematic of the half-cell design and face-to-face sintering 
geometry. b, Linear shrinkage and estimated relative density of different 
samples (BZY–NiO pellet, laminated BZY + NiO|BZY bilayer tape, BZY + NiO 
tape, laminated BCZY + NiO|BZY + NiO|BZY trilayer tape and BCZY + NiO tape) 
at different sintering temperatures for 10 h in air. c,d, The microstructure of 
the fracture surface (c) and electrolyte surface (d) of BZY + NiO|BZY sintering 

at 1,450 °C for 10 h in air. e,f, The microstructure of the fracture surface (e) and 
electrolyte surface (f) of BCZY + NiO|BZY + NiO|BZY sintering at 1,450 °C for 
10 h in air. g, EELS spectra of BCZY + NiO|BZY + NiO|BZY sintering at 1,450 °C 
for 10 h in air (BCZY + NiO layer with strong Ce peak, BZY + NiO layer with minor 
(w/minor) Ce, and BZY layer without (w/o) Ce). The grey shading shows the 
electron loss range of interest. Details for the collection spots are shown in 
Supplementary Fig. 6.
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and neither shape distortion nor delamination is observed (see photos 
of sintered full cells in Supplementary Fig. 5). For better quantifica-
tions, we shall assume a similar relative density for all the tapes, iso-
tropic sintering behaviour and a baseline of 100% relative density for 
BCZY + NiO sintered at 1,500 °C for 10 h (with 21% linear shrinkage). 
This allows us to estimate the relative density by 0.793/(L/L0)3 as shown 
by the y axis in Fig. 1b, right. Thus, the estimated relative density is 95% 
for the BCZY + NiO-supported trilayer BCZY + NiO|BZY + NiO|BZY 
versus 78% for the BZY + NiO-supported bilayer BZY + NiO|BZY when 
sintered at 1,450 °C for 10 h. For multilayer co-sintering, the thickness 
direction is not constrained, so its sintering should be easier than the 
two in-plane directions. This sets another boundary for the estimated 
relative density by 0.792/(L/L0)2. Thus, the estimated relative density 
is 97% for BCZY + NiO|BZY + NiO|BZY versus 85% for BZY + NiO|BZY 
when sintered at 1,450 °C for 10 h. Both estimations show much higher 
densities for our new half-cell design, which is higher than the >95% 
threshold that is typically required for SOFC/SOEC/PCFC/PCEC elec-
trolytes. In addition, benefitting from accelerated grain growth in the 
final stage sintering, a larger grain size of the electrolyte is also obtained 
(3.1 μm at the electrolyte surface; Fig. 1f), which is also desirable from 
an ionic-conductivity perspective.

To prove the well-sintered BZY is assisted by BCZY + NiO rather 
than Ce doping, we conducted electron energy loss spectroscopy 
(EELS) measurements (Fig. 1g) under a scanning transmission electron 
microscope (STEM) over a large area (Supplementary Fig. 6). Com-
pared with the strong Ce M4 and M5 edge peaks in BCZY (Fig. 1g, green 
curve, and Supplementary Fig. 6, coarse grain structure), the peaks are 
much weaker in the BZY grains of the BZY + NiO layer (with gradually 
decreasing signals from the BCZY + NiO side to the BZY electrolyte side; 
Fig. 1g, orange curves, and Supplementary Fig. 6, fine grain structure) 
and no Ce peaks can be observed in the BZY electrolyte layer (Fig. 1g,  

grey curves, and Supplementary Fig. 6, fine grain structure) (the two 
purple curves in Fig. 1g show EELS spectra with an Ni L3-edge peak 
for NiO grains in the composite layers). This supports the design of 
BZY + NiO buffer layer as a Ce diffusion barrier and the interdiffusion 
between BCZY + NiO and BZY + NiO results in a Ce concentration gra-
dient and graded microstructure, which blunts the sintering/thermal 
stress concentration at a sharp interface and improves interfacial 
bonding. Therefore, our gradient design offers a sintering aid-free and 
complete solution to the dense BZY membrane conundrum.

High-performance BZY cells
To evaluate the electrochemical properties, we first performed electro-
chemical impedance spectroscopy (EIS) at 450–600 oC and compared 
the proton conductivity of the BZY electrolyte in sintered full cells 
(with an electrolyte thickness of ~15 μm, the cells are thus denoted 
as BZY-15 hereafter) with the one in the dense BZY pellet with a 1 wt% 
NiO sintering aid (abbreviated as BZY–NiO pellet, sintered at 1,600 °C 
for 10 h in air; microstructure and pellet size shown in Supplemen-
tary Fig. 7, pellet thickness of 680 µm). The grain size distributions 
of BZY-15 and BZY–NiO are compared in Supplementary Fig. 8. For 
fair comparison, the real (Z') and imaginary (Z'') parts of the EIS were 
normalized by the electrolyte’s geometry to obtain the thickness (L) 
independent real (z' = Z'/L) and imaginary (z'' = Z''/L) parts (Fig. 2a). At 
such temperatures, the depressed semicircles come from interfacial 
kinetics at the electrodes, and the left intercept with the x axis can be 
interpreted as ohmic resistivity mainly from proton transport inside 
the electrolyte. Clearly, BZY-15 shows comparable ohmic resistivity 
to the BZY–NiO pellet at 600 °C and lower ohmic resistivity at lower 
temperatures. The comparison is further made in the Arrhenius plot 
(Fig. 2b), where the proton conductivity σ of the dense BZY electrolyte 
membrane in BZY-15 shows weaker temperature dependence and thus 

–3.0

–2.8

–2.6

–2.4

–2.2

lo
g 
σ 

(S
 c

m
–1

)

103/T (K−1)

b

BZY-15:
Ea = 0.32 eV

Sun
et al.40

Sun
et al.41

Shafi
et al.43

Sun
et al.42

Shi
et al.44

Lei
et al.45

BZY–NiO pellet:
Ea = 0.44 eV

1.0

1.1

1.2

1.3

1.4

1.5

1.6

Vo
lta

ge
 (V

)

d

0 –0.5 –1.0 –1.5 –2.0
50

60

70

80

90

100

Fa
ra

da
ic

 e
�i

ci
en

cy
 (%

)

e

0.7 atm

0.5 atm

0.2 atm

0 0.5 1.0 1.5 2.0
0

0.2

0.4

0.6

0.8

1.0

1.2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Vo
lta

ge
 (V

)

j (A cm–2)

j (A cm–2)

j (A cm–2)

P (W
 cm

–2)

600 °C

600 °C

600 °C

600 °C 550 °C

550 °C

550 °C

550 °C

500 °C

500 °C

500 °C

500 °C

450 °C

450 °C

450 °C

450 °C

1.0 1.1 1.2 1.3 1.4 –3.0 –2.5 –2.0 –1.5 –1.0 –0.5 0 0.9 1.0 1.1 1.2 1.3 1.4 1.5
0

3

6

9

12

H
2 f

lu
x 

(m
l m

in
–1

 cm
–2

)

Voltage (V)

f
0.7 atm

0.5 atm

0.2 atm

0

200

200 400 600 800
0

200

−z
“ 

(Ω
 c

m
)

z’ (Ω cm)

a c
BZY-15

BZY–NiO pellet

Fig. 2 | Electrochemical performance of BZY-15 full cells. a, Spectra of the 
reduced complex impedance. z′ and z″ denote the real and imaginary part of 
the reduced complex impedance, respectively. The dashed lines show the 
intercept with the x axis. b, A comparison of obtained proton conductivity, σ, 
with the literature40–45. c,d, PCFC performance (c) and PCEC performance (d) of 
the BZY-15 cell at different current densities, j, at 450–600 °C. e, A comparison 

of the Faradaic efficiency of the BZY-15 cell under PCEC operation and different 
steam pressures (balanced with air, for example, 0.2 atm steam denotes 20% 
H2O + 80% air). f, A comparison of the H2 flux of the BZY-15 cell under PCEC 
operation and different steam pressures. Temperature: 600 °C; feedstock for 
fuel electrode: pure H2.

http://www.nature.com/natsynth


Nature Synthesis | Volume 4 | May 2025 | 592–602 596

Article https://doi.org/10.1038/s44160-025-00765-z

smaller activation energy Ea (0.32 eV) than that of the BZY–NiO pellet 
(Ea = 0.44 eV, which indicates the detrimental effect of the NiO sinter-
ing aid to proton conductivity). The proton conductivity achieved in 
BZY-15 is much higher than those reported for Ce-free BaZrO3-based 
full cells in the literature (all of which used sintering aids, except for 
Lei et al.)40–45.

Under PCFC operations (Fig. 2c, 97% H2 + 3% steam for the hydro-
gen electrode and air for the oxygen electrode), the BZY-15 cell shows 
high performance with a peak power density Pmax of 0.60 W cm−2 at 
600 °C, 0.42 W cm−2 at 550 °C, 0.26 W cm−2 at 500 °C and 0.14 W cm−2 at 
450 °C. Under PCEC operations (Fig. 2d, H2 for the hydrogen electrode 
and air + 20% steam for the oxygen electrode), the BZY-15 cell shows 
high current densities of −1.14 A cm−2 at 600 °C, −0.67 A cm−2 at 550 °C, 
−0.34 A cm−2 at 500 °C and −0.17 A cm−2 at 450 °C, at an applied voltage 
of 1.3 V. Considering the encouraging results, we shall first turn to the 
challenging electrolysis leakage and stability issues before engineering 
the components for optimized electrochemical performance.

Stable high-steam pressure electrolysis
A more stringent yet rewarding application of BZY full cells is to conduct 
high-steam pressure electrolysis, which is known to cause corrosion 
problems in Ce-rich protonic ceramic cells due to the incompatibility of 
BaCeO3 with acidic H2O vapour. Enabling high-steam pressure electroly-
sis not only decreases the OCV (the voltage barrier to overcome to drive 
H2O splitting instead of H2 oxidation), but also increases the Faradaic 
efficiency by suppressing the hole leakage through the electrolyte  

(a known problem for PCECs). The latter can be understood from the 
following defect reactions using the Kröger–Vink notation

H2O (g) + V••O +O×
O

K1⇒ 2OH•
O, (1)

O2 (g) + 2V••O
K2⇒ 2O×

O + 4h•, (2)

where K1 and K2 are the reaction constant for defect reactions (1) and 
(2), respectively. In the Kröger–Vink notation, V denotes vacancies. 
Using the law of mass action, one obtains

[OH•
O]

[h•]
= K1/2

1 K−1/42 P1/2
H2O(g)

P−1/4O2(g)
[O×

O] (3)

where [i] denotes the concentration of species i, PH2O(g) denotes the 
partial pressure of water vapour and PO2(g) denotes the partial pressure 
of oxygen gas. Assuming constant mobilities for protons and hole 
polarons46, it is clear that increasing H2O partial pressure on the oxygen 
electrode decreases electronic (hole) leakage current and improves 
the Faradaic efficiency (the ratio of protonic current density to the 
total current density). Meanwhile, for higher-current density PCEC 
operations, lowered Faradaic efficiency is expected due to a larger 
anodic overpotential that sets a more oxidizing condition (higher equi-
librium oxygen partial pressure) at the oxygen electrode/electrolyte 
interface. For hole-dominated electronic leakage (p-type electronic 
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conductivity), the extreme boundary condition is further translated 
into the bulk electrolyte by a sharp transition in the oxygen chemical 
potential, which would expose a majority part of the electrolyte mem-
brane to very high oxygen partial pressure10,47.

The Faradaic efficiency of BZY-15 cells was measured under differ-
ent steam pressures (balanced by air) and current densities at 600 °C 
(Fig. 2e). We found increasing steam pressure from 0.2 atm to 0.7 atm 
brings 90% Faradaic efficiency to 100% at −0.2 A cm−2. The improve-
ment applies to larger electrolysis current densities up to −2 A cm−2, 
where 79% Faradaic efficiency is demonstrated under 0.7 atm steam 
pressure versus 56% under 0.2 atm. The improved Faradaic efficiency 
and lowered OCV by high-steam pressure allow us to generate larger H2 
outflux under the same applied voltage (Fig. 2f), with 6.73 ml min−1 cm−2 
under 1.24 V and 11.79 ml min−1 cm−2 under 1.42 V.

We next evaluated the long-term stability of BZY-15 cell for high- 
steam pressure electrolysis at 600 °C. We set up a harsh, continu-
ous PCEC testing schedule with a total time of 800 h as follows: (1) at 
−1 A cm−2 and 0.5 atm steam for 200 h, (2) at −0.5 A cm−2 and 0.5 atm 
steam for 200 h, (3) at −1.5 A cm−2 and 0.5 atm steam for 200 h, (4) at 
−1 A cm−2 and 0.7 atm steam for 100 h and (5) at −2 A cm−2 and 0.7 atm 
steam for 100 h. As shown in Fig. 3a, under a constant applied current 
density for each testing step, there is minimal increase in the voltage, 
and the Faradaic efficiency (measured intermittently) remains stable, 
demonstrating excellent stability in the electrochemical performance. 
After the 800 h test, we fractured the BZY-15 cell and characterized the 
microstructure of the cross-section (the fracture surface) under SEM 
(Supplementary Fig. 9). We found that the oxygen electrode remained 
intact with the electrolyte and no electrolyte membrane cracking  
was observed.

To directly compare the stability of BZY and BCZYYb full cells, 
we tested both cells under PCEC operations at −1 A cm−2 and 0.7 atm 
steam at 600 °C. As shown in Fig. 3b, under a constant current density, 

the BCZYYb cell has a voltage increase of ~110 mV over 320 h, while the 
BZY-15 cell has only ~10 mV increases over 500 h. The slight increase 
in voltage of the BZY cell may result from degradation of the oxygen 
electrode and the oxygen electrode/electrolyte interface. We further 
analysed the EIS (measured at a direct current bias of −1 A cm−2) of 
the BZY-15 and BCZYYb cells before and after the stability tests. We 
found minimal increase in the ohmic resistance (the left intercept of 
the depressed semi-circle with the x axis; 0.197 Ω cm2 before testing 
and 0.200 Ω cm2 after testing) and the polarization resistance (the 
diameter of the depressed semi-circle; 0.026 Ω cm2 before testing and 
0.026 Ω cm2 after testing) of the BZY-15 cell (Fig. 3c), while the BCZYYb 
cell (Fig. 3d) shows substantial increases in both the ohmic resistance 
(0.175 Ω cm2 before testing and 0.210 Ω cm2 after testing, increased by 
20%) and the polarization resistance (0.030 Ω cm2 before testing and 
0.057 Ω cm2 after testing, increased by 90%). This is despite the fact that 
the BCZYYb cell does have good stability under low steam pressures, 
such as 0.03 atm steam, as shown by the grey curve in Supplementary 
Fig. 10. As also compared in Supplementary Fig. 10, the stability of 
the BCZYYb cell worsens as the steam pressure increases, and even at 
−1 A cm−2 and 0.5 atm steam, the cell voltage increases continuously 
and by 80 mV over 500 h, and the delamination of the oxygen electrode 
can be easily observed in the fractured surface of the tested cell (Sup-
plementary Fig. 11). For further verification of the material stability, 
we exposed sintered BZY pellets to 50% steam at 600 °C for 300 h and 
found no impurity peaks (see X-ray diffraction (XRD) and Raman data 
in Supplementary Figs. 12 and 13) after the treatment. Therefore, the 
superior stability of BZY-15 in high-steam pressure electrolysis has been 
demonstrated, and the performance and stability of high-current den-
sity PCEC can be further increased by improving the catalytic activity 
and sinterability of the oxygen electrode materials and by optimiza-
tions in the testing schedule, such as intermittent switches from PCEC 
to PCFC operations48,49.
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Benchmarking BZY cell performance
Having clarified the electrolysis stability and Faradaic efficiency advan-
tages, we now push the performance limit of BZY full cells by thinning 
down the electrolyte membrane and modifying the oxygen electrode/
electrolyte interface50. Instead of adopting solution-derived meth-
ods, we used scalable tape casting to fabricate ultrathin electrolyte 
membrane and protonic cells. With the same design and co-sintering 
condition, we successfully fabricated BZY cells with a ~5-μm-thick dense 
electrolyte. The electrochemical performance is shown in Supple-
mentary Fig. 14a–c. The fractured surface and the electrolyte surface 
(Supplementary Fig. 15) of the half-cell show a dense, coarse-grained 
microstructure (Interestingly, the average grain size is ~7.2 μm, which 
is ~2 times larger than that of BZY-15 in Fig. 1a, despite the same  
sintering condition).

The obtained BZY cells with 5-µm-thick electrolyte treated by 
concentrated nitric acid for 10 min (denoted as BZY-5 hereafter) have 
unprecedented performance, as shown in Fig. 4 and Supplementary 
Fig. 14d. Under PCFC operations (Fig. 4a and Supplementary Fig. 16a), 
BZY-5 cell demonstrates a Pmax of 1.24 W cm−2 at 600 °C, 0.91 W cm−2 at 
550 °C, 0.75 W cm−2 at 500 °C, 0.57 W cm−2 at 450 °C and 0.31 W cm−2 at 
400 °C. Under PCEC operations (Fig. 4b and Supplementary Fig. 16b), 
BZY-5 cell demonstrates high-current densities of −2.33 A cm−2 at 
600 °C, −1.63 A cm−2 at 550 °C, −1.0 A cm−2 at 500 °C, −0.56 A cm−2 
at 450 °C and −0.22 A cm−2 at 400 °C at an applied voltage of 1.3 V. 
These results represent major performance leaps in protonic zirco-
nate cells (most literature reports on zirconate cells used sintering 
aids to facilitate sintering, which is detrimental to the electrochemi-
cal properties and cell performance). Specifically, the Pmax of PCFC 
(Fig. 4c) is doubled at 600 °C and tripled at 450 °C over the best lit-
erature data (which is expected to be more pronounced at even lower 
temperatures considering the weak temperature dependence of our 
BZY-5), and the electrolysis current density (Fig. 4d) is again tripled 
at 450–600 °C over the best literature data (the enhanced Faradaic 
efficiency in our case is not counted due to limited information in 
the literature).

For completeness, we measured the Faradaic efficiency of  
BZY-5 cells under different steam pressures (balanced by air) and  
current densities at 600 °C (Fig. 4e). Owing to the better perfor-
mance and lowered internal resistances, we were able to measure 
the Faradaic efficiency at 0.2–0.7 atm stream pressure and current 
density up to −4 A cm−2. The beneficial role of high steam pressure 
is again demonstrated. At 0.7 atm stream pressure, the Faradaic 
efficiency can be maintained at 91% at −1 A cm−2 and a satisfac-
tory value of 65% at current density as large as −4 A cm−2. Figure 4f  
shows the generated H2 outflux at different applied voltages. At 
1.41 V and 0.7 atm steam pressure, it can reach as large as 19.62 ml  
min−1 cm−2.

Discussion
We have demonstrated dense BZY membrane based full cells with excel-
lent electrochemical performance and stability in acidic high-pressure 
steam and under harsh electrochemical conditions. The degradation 
under 0.7 atm steam at 600 °C, suppressed in BZY cells and pronounced 
in BCZYYb cells, shares some similarities with high-temperature pres-
surized water corrosion under autoclave conditions, which is known 
to dissolve many oxides. Material- and device-level stabilities are the 
key to emerging green-energy applications under chemically extreme 
conditions. In this sense, even though the present BZY conductivity 
realized in our electrochemical full cell is lower than what has recently 
been demonstrated for BCZYYb in full cells, BZY could still win many 
applications, such as high-current density water electrolysis where 
high steam pressure is preferred, as well as the deprotonation of ethane 
to co-generate ethylene and hydrogen where highly reducing condi-
tions are imposed on both electrodes. Meanwhile, more optimiza-
tions in materials synthesis, device processing and oxygen electrode  
material/microstructure design could further improve the perfor-
mance of protonic zirconate cells towards practical applications. One 
such effort we have undertaken is to fabricate large-area square cells 
(50 × 50 mm2) with 9-µm-thick dense electrolytes using the approach 
reported in this work. The photographs of the fabricated cells are 
shown in Fig. 5a,b, with no damage or shape distortions. The mechan-
ical strengths of the half-cell with the cell configuration of BCZY +  
NiO/BZY + NiO/BZY are evaluated and compared with the BCZYYb +  
NiO/BCZYYb half-cell, as shown in Supplementary Fig. 17. The micro-
structure of the sintered electrolyte with 9 µm thickness is dense and 
has a coarse grain size (Fig. 5c). Figure 5d shows the PCFC performance 
of the square cell at 600 °C, with a Pmax of 0.84 W cm−2. Considering the 
high performance obtained for these BZY square cells and the progres-
sive improvements and lessons learned in protonic ceramic cells in 
the past 10 years, we are optimistic about future developments of BZY 
PCFCs/PCECs. Evaluations of long-term PCFC and PCEC stability and 
Faradaic efficiency of such large-area cells under practical operational 
conditions would benefit the future development of the field.

Conclusions
By redesigning the architecture of the BZY full cell, we have offered 
a solution to the dense BZY membrane sintering conundrum and 
unlocked the excellent electrochemical performance and stability 
of BZY-based PCFCs/PCECs, especially under high-current density, 
high-steam pressure electrolysis. The revisited protonic zirconate cells 
are promising in hydrogen and chemical productions with moderate 
thermal budgets and demanding yet rewarding electrochemical condi-
tions. Our work highlights the critical role of processing innovations, 
such as (co-)sintering, to fully deliver materials’ intrinsic advantages 
for targeted applications.
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Methods
Materials synthesis
BCZY and BZY were synthesized by a solid-state method. Stoichiomet-
ric amounts of BaCO3 (99.8% purity, Alfa Aesar), ZrO2 (99.9% purity, 
Alfa Aesar), CeO2 (99.9% purity, Alfa Aesar) and Y2O3 (99.9% purity, 
Alfa Aesar) were mixed by ball milling in ethanol for 24 h, followed 
by drying, grinding and heat treatment at 1,300 °C for 10 h to obtain 
phase-pure crystallized BZY and BZCY powders, as verified by XRD 
in Supplementary Fig. 18. Oxygen electrode material PrNi0.7Co0.3O3−δ  
was synthesized by a wet-chemistry method. Stoichiometric amounts 
of Pr(NO3)3·6H2O(99.99% purity, Alfa Aesar), Ni(NO3)2·6H2O (99.9985% 
purity, Alfa Aesar) and Co(NO3)2·6H2O (99.999% purity, Alfa Aesar) were 
dissolved in deionized water to form a homogeneous solution with 
0.05 mol l−1 cation concentration (Pr + Ni + Co in total). Glycol and citric 
acid were next added into the solution in a mole ratio of glycine:citric 
acid: (Pr + Ni + Co) of 2:1:1. The as-prepared solution was heated on a 
hot plate with continuous stirring until a gel was formed. The obtained 
gel was heat treated at 400 °C, followed by an auto-ignition process to 
produce a black foamy intermediate product. The final PrNi0.7Co0.3O3−δ 
powders were obtained by heat treating the intermediate product at 
1,000 °C for 4 h (see the XRD in Supplementary Fig. 19 and microstruc-
ture in Supplementary Fig. 20).

Cell fabrications
Hydrogen electrode-supported cells were fabricated by a tape casting 
process. To prepare green tapes of the BCZY + NiO supporting layer, 
NiO and BCZY powders were mixed with 6:4 weight ratio by ball milling 
in ethanol and toluene for 24 h. Binder of polyvinyl butyral, plasticizer 
of butyl benzyl phthalate and dispersant of fish oil were next added, 
followed by ball milling for an additional 24 h to obtain the desired 
rheology. Tape casting was performed on a laboratory tape casting 
machine with a controlled thickness of ~300 μm after sintering. Green 
tapes of BCZY + NiO supporting layer, BZY + NiO buffer layer and BZY 
electrolyte layer were similarly prepared with controlling their thick-
nesses (after sintering) to be ~300 μm, ~25 μm and ~14 μm, respectively.

To prepare BCZY + NiO|BZY + NiO|BZY trilayer as the half-cell, 
three pieces of BCZY + NiO supporting-layer green tapes, one piece 
of BZY + NiO buffer layer green tape and one piece of BZY electrolyte 
green tape were laminated by a hot press at 70 °C under an applied 
pressure of 4 ton for 5 h. We fabricated half-cells with three different 
sizes and shapes: a disc shape with 10 mm diameter and 15 µm electro-
lyte thickness, a disc shape with 1 inch diameter and 5 µm electrolyte 
thickness and a square shape with 50 × 50 mm2 area and 9 µm electro-
lyte thickness. The laminated green tapes were punched with 11 mm 
(7/16 inch) diameter holes and pre-sintered at 920 °C for 3 h to remove 
the organics. Co-sintering of BCZY + NiO|BZY + NiO|BZY for later-on 
full cell fabrications and testing was conducted at T1 = 1,450 °C for 10 h 
in air (heating schedule: 3 °C min−1 heating rate to 1,000 °C, holding 
at 1,000 °C for 1 h and 2 °C min−1 heating rate to 1,450 °C), followed 
by 3 °C min−1 cooling down to room temperature. The BZY + NiO|BZY 
bilayer was prepared similarly by using BZY + NiO supporting-layer 
green tapes and sintering conditions described in the main text. The 
PCECs with electrolyte thickness of 5 μm were fabricated following the 
above procedures with thinner electrolyte layer and laminated green 
tapes of BCZY + NiO|BZY + NiO|BZY were punched with the diameter 
of 28.58 mm (1.125 inch). The planar PCECs with larger size of 50 × 50 
mm2 were also fabricated according to above-mentioned specifications 
with laminated green tape size of 62.5 × 62.5 mm2. The difference comes 
from the sintering process, in which the pre-sintered body needed to 
be protected by sintered BZY20 powders under the same sintering 
temperature programme.

To fabricate full cells, a slurry of the oxygen electrode material 
PrNi0.7Co0.3O3−δ was prepared by mixing PrNi0.7Co0.3O3−δ powders 
with ethanol and a texanol-based binder by ball milling and then 
brush-painted on the electrolyte surface of the co-sintered half-cell. 

The painted cells were heat treated at T2 = 1,000 °C for 5 h (heating 
schedule: 2 °C min−1 heating rate to 600 °C, holding at 600 °C for 1 h 
and 3 °C min−1 heating rate to 1,000 °C), followed by 3 °C min−1 cooling 
down to room temperature.

Characterizations
XRD measurements were conducted on a D8ADVANCE/Bruker 
X-ray diffractometer using Ni-filter Cu Kα radiation (wavelength of 
0.154056 nm). The microstructure was inspected under SEM ( JEOL 
6700F). To prepare the sample for TEM analysis, the cell was cut 
into small pieces (1 × 2.2 mm2) then face-to-face bonded together by 
conductive epoxy, followed by mechanical thinning, dimpling and 
Ar+ milling at 4.2 kV using Gatan PIPS. An FEI Tecnai F30 super-twin 
field-emission-gun TEM operated at 300 kV was used to collect 
TEM images and annular dark-field scanning transmission electron 
microscopy images. A Gatan Tridiem 863 UHS GIF system was used 
to acquire the EELS spectra. The Raman spectra were obtained using 
a customized Renishaw inVia Spectro microscopy system with an 
Olympus 20× objective. A He–Ne laser (633 nm) was used for spectral 
excitation. The porosity of the half-cell with the configuration of 
BCZY + NiO|BZY-15 + NiO|BZY was measured by porosimeter. Pore size 
was measured by mercury injection capillary pressure (AutoPore IV, 
Micromeritics). Proton conductivity σ is calculated by σ = 1/ρ = L/RA, 
where ρ is the electrolyte resistivity (in Ω cm), L is the electrolyte thick-
ness (in cm), A is the effective area of the electrolyte (in cm2) and R is 
the resistance (in Ω). The flatness of the BZY-15 cells was character-
ized by a Wide-Area 3D Measurement System (KEYENCE, VR Series). 
The flexural strength of the sintered half-cells was measured using 
a dynamic mechanical analyser (TA Instruments, Waters LLC, DMA 
850) as shown in Supplementary Figs. 17a and 7b. The properties 
were determined with a three-point bending clamp. The equipment 
was calibrated after preheating for 30 min. The initial force was set 
as 0.01 N. The flexural strength test was carried at room temperature 
with the ramp rate of 0.5 mm min−1. At least eight specimens of two 
materials were tested. Flexural strength was calculated using the 
following equation: flexural strength = 3Fl/2bd2, where F is the ulti-
mate failure load (in N), l is the effective span (length of both ends of 
the clamp (in 10 mm)) and b and d are the width and thickness of the 
sample (in mm), respectively.

Electrochemical measurements
Hydrogen electrode-supported full cells were sealed by a glass sealant 
(Mo-sci GL1745) onto a home-made testing fixture. Gold mesh was used 
as the current collector with attached gold wires as the leads. After the 
curing procedure of the glass sealant, the cell was heated up to the test-
ing temperature (heating rate of 1 °C min−1). The 50 × 50 mm2 square 
PCECs were sealed in a set of stainless-steel manifolds with additional 
Mica gaskets to enhance the sealant performance. Specifically, glass 
sealant was applied at each interface between the cell and the gasket, 
as well as between the gasket and the manifold piece. When the set 
temperature was reached, H2 (with a flow rate of 20 ml min−1 for the 
10 mm cell, 40 ml min−1 for the 1 inch cell or 100 ml min−1 for the square 
cell) was fed into the hydrogen electrode to reduce NiO to metallic Ni. 
When the reduction process was completed, a temperature-controlled 
humidifier was connected between the gas inlet of the hydrogen elec-
trode and the inward gas to hydrolyse H2 with steam.

Electrochemical data under fuel cell and electrolysis modes were 
collected on an electrochemical workstation (Solartron 1400). Under 
the fuel cell mode, the feedstock for the oxygen electrode was pure 
oxygen with flow rate of 40 ml min−1 for the 10 mm cell, 100 ml min−1 for 
the 1 inch cell and 200 ml min−1 for the square cell, and the feedstock for 
the hydrogen electrode was H2 with 3% steam. After a stable OCV was 
observed at the set temperature, EIS measurements were conducted 
under OCV conditions at 450–600 °C with a frequency range from 105 
to 0.1 Hz and an a.c. amplitude of 20 mV, and current density–voltage 
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curves and current density–power density curves were measured. 
Then, the testing condition was switched to the electrolysis mode, 
where the feedstock was H2 (with a flow rate of 20 ml min−1 for the 10 mm 
cell, 40 ml min−1 for the 1 inch cell and 100 ml min−1 for the square cell) 
for the hydrogen electrode and humidified air (20% steam) for the 
oxygen electrode with air flow rate of 100 ml min−1 for the 10 mm cell, 
200 ml min−1 for the 1 inch cell and 400 ml min−1 for square cell. Elec-
trochemical tests were conducted after a stable OCV was observed at 
the set temperature, at a voltage range from OCV to 1.5 V. The Faradaic 
efficiency was tested by a mass flow meter-based measurement. First, 
the off-gas flow rate under OCV condition was tested by the mass flow 
rate to establish the baseline. Then, the PCEC was operated under the 
electrolysis mode at a constant current density. After the voltage was 
stable for 20 min, the off-gas flow rate was tested by the mass flow 
meter. The average results were obtained after testing five times with 
a fluctuation of less than 5%. Finally, the Faradaic efficiency was calcu-
lated from the produced hydrogen amount.

Hydrogen production rates under different steam concentrations 
(0.2 atm, 0.5 atm and 0.7 atm steam, balanced with air) were measured 
by applying a constant current on the BZY cell and monitoring the 
hydrogen outflow rate. At each testing condition, the hydrogen pro-
duction rate was calculated by subtracting the H2 outflow rate under 
OCV condition from the H2 outflow rate under electrolysis operation. 
The calculated hydrogen production rate was converted to protonic 
current density to calculate the Faradaic efficiency.

Long-term stability test of BZY full cells was conducted under 
0.5 atm and 0.7 atm steam condition (balanced with air) over 800 h 
at 600 °C, with the following schedule: at −1 A cm−2 current density 
and 0.5 atm steam from the beginning to hour 200, at −0.5 A cm−2 and 
0.5 atm steam from hour 200 to hour 400, at −1.5 A cm−2 and 0.5 atm 
steam from hour 400 to hour 600, at −1 A cm−2 and 0.7 atm steam 
from hour 600 to hour 700 and at −2 A cm−2 and 0.7 atm steam from 
the hour 700 to hour 800. Faradic efficiency was measured intermit-
tently throughout the test. Long-term stability tests comparing BZY 
and BCZYYb full cells were conducted under 0.7 atm steam condition 
(balanced with air) at −1 A cm−2 current density at 600 °C over 500 h for 
BZY full cell and 320 h for BCZYYb full cell. EIS measurements were con-
ducted before and after the long-term stability tests, with a frequency 
range from 105 to 0.1 Hz, a direct current (d.c.) bias of −1 A cm−2 and an 
a.c. amplitude of 10 mA (corresponding to 56 mA cm−2).

Data availability
Data supporting the findings in the present work are available in the 
manuscript or Supplementary Information.
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